To clarify the mechanism of interaction of dental adhesive monomers with biological membranes at the molecular level, we studied the interaction of methacryloyloxydecyl dihydrogen phosphate (MDP) and methacrylic acid (MAA) with the dipalmitoylphosphatidylcholine (DPPC) liposome system using NMR and DSC. MDP-DPPC interaction became apparent through broadening of the DPPC phase transition as pH decreased, finally the enthalpy of MDP-DPPC (1:1mol ratio) reduced to zero at pH 2.5. Proton chemical shifts of MDP enhanced shielding and proton signals due to the phosphatidylcholine polar group (O-CH2-CH2 -N bond) of DPPC were observed . MAA-DPPC interaction was smaller than that of MDP-DPPC, even at low pH. It was concluded that the strong hemolytic activity of MDP may be due to its interation with the phospholipid bilayers of erythrocyte membranes.
INTRODUCTION
The mechanism or components of the dentin-pulp complex which afford protection to the dental pulp from resin systems have not been clarified.
Dental pulp is a complex tissue consisting of cells and abundant extracellular matrix. Components in dentinal tubules may create a barrier against the diffusion of toxic substances of dental materials10-12). Dentin permeability may be an important factor of pulpal responses caused by dental materials. Dentin and pulp tissues which are derived from mesoderm are known to be very sensitive to acids13). Hydrophilic acid monomer, MAA used in self-curing methyl methacrylate (MMA) resin-system was known to be toxic in the dental pulp3). Also, this showed the high degree of acute toxicity in mice and of tissue toxicity14,15) MDP which has been used in the commercial resin-system as a new bonding agent, is also an acid monomer16). The bonding agents with MDP showed a larger cytotoxicity compared with those without MDP17) and had an adverse effect on the dental pulp18). Therefore, it is of particular interest to determine how the molecular structure of phospholipids in biological membranes is modified by interaction with MDP compared to MAA.
In the present study, we examined the hemolytic activity caused by MDP, MAA and MMA. NMR and DSC were used to investigate the degree and nature of interaction of MDP or MAA with the DPPC liposome system as a model for biomembranes.
The mechanism of the interaction of MDP with erythrocyte membranes was discussed. 
RESULTS
Hemolysis studies. The percentage of hemolysis caused by MDP, MAA and MMA is shown in Table 1 . In case of MDP, the time and concentration required to produce about 50 % hemolysis were 10min with 19mM and 60min with 2.4mM, respectively. MAA and MMA also showed a small degree of hemolysis (1-2%) at the same time and concentration. From this, it is clear that the hemolytic activity of MDP was stronger than MAA. MAA induced the denaturalization of hemoglobin at the concentration of 290-580mM due to its acid reaction.
At 75mM, however, the hemolysis of MAA was 6.4% for 60min. NMR studies. The structure of MAA and MDP and DPPC are shown in Figs. 1 and 2 , *** JEOL , Tokyo, Japan. ### Rigaku Denki Co . Ltd., Tokyo, Japan.
+ Shimadz Mfg . Co., Kyoto, Japan. ++ Denki Kagaku Keiki Co . Ltd., Tokyo, Japan. 
DISCUSSION
It is clear from the present NMR studies that MDP was markedly incorporated into the DPPC liposome system and that the phosphatidylcholine polar group (O-C-C-N bond) of DPPC was affected by the addition of MDP. Furthermore, in the DSC studies, the interaction of MDP with the DPPC liposome system became apparent through broadening of the lipid phase transition as pH decreased, and the final disappearance of the DSC peak resulting from the liposomes alone. This may suggest that mixed MDP-DPPC micelles or other aggregates are formed at pH 2.5, indicating that the attractive force for MDP-DPPC interaction may arise from (1) hydrogen bonding involving un-ionized phosphate groups of MDP and phosphodiester head groups of DPPC and (2) the hydrophobic interaction between the hydrocarbon portion (decyl group) of MDP and acyl chains of DPPC. As an additional observation consistent with the suggestion of hydrogen bonding, it has been reported that the phosphodiester group serves as H-bond acceptor in crystals of lipid hydrates22). It was concluded that the strong hemolytic activity of MDP was caused by its impregnation into lipid and/or lipoprotein layers of erythrocyte membranes.
Also, the interaction of MAA appears to be due to the hydrogen bonding between un-ionized carboxylate molecules and phosphodiester head group at pH 2.7. Comparing with MDP, MAA had a smaller interaction with DPPC, even at a low pH. This was due to smaller hydrophobicity of MAA.
Our results obtained from NMR and DSC suggest that MDP probably has a stronger interaction with the hydrophobic components containing lipids in biological membranes, than compared with MAA and it possesses a high potential for causing membrane damage. In this experiment, a pH-dependent interaction as a result of a cooperative hydrogen bonding was observed. Therefore, the degree of the interaction of acid monomers may be smaller as pH increases in the tissue fluid.
Change in dentin-including secondary dentin formation induced by the interaction of adhesive monomer may afford protection to the dental pulp from the resin systems, when orifices of dentinal tubules can be perfectly sealed by the adhesive resin systems6,24). However, unpolymerized surface-active monomers such as MDP in bonding agents may cause injury to the pulp due to their high ability of membrane-damage when they directly penetrate into the pulp18). MDP is used with other dimethacrylates in commercial bonding agents16). Some dimethacrylates such as Bis-GMA showed a larger degree of hemolysis than MMA25). The degree of interaction of Bis-GMA with DPPC liposomes was smaller than that of MDP (Data not shown). Our present studies suggested that since MDP interacts strongly with the phospolipid bilayers, MDP is likely to interact with the lipid bilayers of membranes of odontoblasts, nerve fibers and pulp cells in the dentin-pulp complex.
Additional experiments are required to clarify the mechanism of protection to the dental pulp from the adhesive resin-systems. 
